Smaller, denser features on silicon-based platforms, organic semiconductor circuits, flexible and transparent electronics, and bio-sensors are needed for higher functionality and cost efficiency. 1, 2 To achieve this, nanoscale patterning requires processing techniques that comply with novel organic materials as well as topographically-rich thermally-sensitive substrates. Traditionally, a uniform resist layer is spun and then patterned upon exposure to thermal treatment, radiation, and liquid solvents. The resist is then used as a shadow mask (stencil) to transfer the design onto the other material layers, with a thinner resist yielding higher resolution. Most organic semiconductors and flexible polymeric substrates cannot withstand the heat load and chemical interactions involved in these steps. Thus, patterning on the sub-micrometer scale for non-planar substrates remains a challenge.
While many serial processes-such as scanning probe microscopy 3 and electron-beam lithography-can be adapted to a variety of substrates, successive patterning impedes cost efficiency. Though parallel techniques have been developed for silicon-based technologies, they are more rigid and present various drawbacks, such as intrinsic resolution limits (as in deep ultra-violet lithography) and failure on mechanically fragile substrates (as in nano-imprinting). Nanostencil lithography circumvents many of these problems by using micro-machined shadow masks with sub-micrometer apertures.
Shadow masks were first used by prehistoric people who placed their hands against cave walls and blew pulverized pigment around them. Modern stencils have evolved such that they enjoy use in many modes and applications, achieving submicrometer dimensions for nanotechnology. Full 100mm silicon wafers can be micro-machined to obtain dense arrays of low-stress silicon nitride (LS-SiN) membranes, each containing design-specific apertures through which the patterning is performed. The stencil is held to the substrate to allow Recently, we focused on improving the resolution and reliability of deposited patterns smaller than 100nm. Accurate aperture geometry transfer depends on the setup configuration and deposition parameters. Blurring can enlarge the transferred structure-the stencil-to-source gap, material type, aperture size, deposition rate, and substrate temperature all influence the severity of this problem. 5 We improved resolution by reducing the gap and tuning the deposition parameters (see Figure 1) . Another important factor for their continued use is the reusability of nanostencils. Because the apertures are fabricated using electron-beam lithography, a stencil needs to be reusable to be truly cost efficient. The material deposited on the apertures during evaporation gradually clogs the openings-normally reducing the active lifetime of the shadow mask. We demonstrated that stencils can be cleaned ex situ, using wet etching, without damaging the chemically inert LS-SiN membrane material. 6 We are currently developing a self-cleaning stencil, which will eliminate clogging in situ by heating the membranes using embedded electrodes. This is of special interest for dynamic deposition, where the stencil can move relative to the substrate inside the deposition chamber-a process that favors material accretion on the membranes (see video 7 ). 8 Besides the standard benefits of static stenciling, dynamic stencil lithography adds the ability to structure variablethickness, multi-material, and closed-contour patterns. The pattern's height can be varied by translating the stencil with various speeds while keeping the evaporation rate constant. A single stencil can include several layer designs, all to be fabricated in one cycle by moving the stencil to the correct position during deposition to a particular layer. Additionally, we demonstrated that arbitrary geometries can be built by allowing stencil arrays of round apertures to follow different trajectories (see Figure 2) . The challenges that remain include having a small gap and preventing the material from clogging the apertures.
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In parallel with pushing the limits of nanostenciling, we have explored deposition in a variety of projects. For example, we fabricated flexible, thin-film organic transistors with channel dimensions of 10 3 m 2 using stencil-deposited pentacene as the organic semiconductor. All subsequently aligned lithographical steps were also patterned by stencils (see Figure 3) . 9 We also made superconducting tunnel junctions in situ by angle deposition over a stencil bridge with an intermediate oxidation step. 10 We patterned and electrically characterized metallic nanowires at full wafer scale 11, 12 and applied the stencil for gate-patterning. 13 We also performed etching through a stencil, where we structured various substrates such as polycrystalline silicon, LS-SiN, polyimide, poly(methyl methacrylate), and an assembly of 100nm latex nanoparticles using reactiveion etching through a stencil mask. 14, 15 Additionally, using a carbon ion beam (500keV and 5mm in size), the profile of a topologically-complex stencil membrane was etched into a polymer substrate. 16 In summary, nanostenciling provides particular advantages. We characterized its resolution in a large experimental parameter space, leading to recipes for optimal settings and found ways to prolong stencil lifetime. We exploited its non-invasiveness and unique capabilities for use on fragile and non-planar substrates as well as with organic materials. We are currently developing an advanced dynamic mode that will allow in situ, successive patterning of multiple materials and layers, opening the door to novel, more cost effective device fabrication.
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